We report the isolation of an empty spiracles class homeodomain-containing gene, Cn-ems, from the hydrozoan Hydractinia symbiolongicarpus, the first gene of this class characterized in a lower metazoan. Cn-ems was found to be expressed in the head of gastrozooids, specifically in endodermal epithelial cells of the taeniolae of the hypostome. Cn-ems is not expressed in gonozooids, which lack taeniolae. Experimental conversion of the posterior region of the planula larva into head structures up-regulates expression of the gene. These findings establish that the association of ems-class genes with head structures preceded the evolution of bilateral symmetry.
The conservation of homeodomain-containing genes and their known roles in specifying positional information in the embryo have reawakened interest in the evolution of development. Of particular note is the finding that many such genes are conserved throughout the animal kingdom, providing legitimate promise that comparative study of patterns of expression may bear on unsolved problems in classical zoology. Here we treat one such problem, the origin of the metazoan head.
Aside from Phylum Porifera, all other metazoans are primitively radially (Cnidaria and Ctenophora) or bilaterally symmetric (all other metazoans) and have a head. If we regard a head as a sensory-rich, mouth-bearing body part placed at or near the anterior pole of the animal, the question of whether the heads of radially symmetric phyla are homologous with those of the bilaterally symmetric phyla is far from obvious. For example, in the radially symmetric Cnidaria, the biradially symmetric Ctenophora, and in the bilaterally symmetric Platyhelminthes, the animal pole of the egg gives rise to the posterior pole of the larva, which in turn gives rise to the mouth-bearing pole of the cnidarian polyp and to the head of the worm (1) (2) (3) (4) (5) (6) . However, whereas the mouth is positioned at the anterior end of the cnidarian polyp, in many adult flatworms, the mouth is found medially or even at the posterior end of the worm (6, 7) . One possibility is that the original polarity of the egg and embryo is conserved but that the position of the mouth and gut has changed relative to this embryonic axis (8) . Alternatively, the heads of radially and bilaterally symmetric phyla may have evolved independently. It is, therefore, of particular interest to establish the pattern of expression in radially symmetric organisms of genes whose function has been ascribed to specifying head structures in bilaterally symmetric organisms.
Empty spiracles (ems) is such a gene, first identified in mutant screens in Drosophila (9) . Ems mutants display loss of head structures derived from the anterior segments of the fly (10, 11) , where ems functions as a gap gene for the head (11, 12) . Mouse genes (Emx), identified by sequence similarity with the Drosophila ems homeodomain, also display a head-specific expression in early ontogeny, being expressed in the presumptive cerebral cortex (Emx1 and Emx2) and olfactory regions (Emx2) (13, 14) . The association of ems class genes with head structures in both protostome and deuterostome animals led us to characterize its expression in a cnidarian.
MATERIALS AND METHODS

Animals.
Colonies of Hydractinia symbiolongicarpus growing on gastropod shells inhabited by the hermit crab Pagurus longicarpus were obtained from Old Quarry Harbor (Guilford, CT), and Lighthouse Point (New Haven, CT). Fragments of wild-caught colonies containing several polyps were explanted onto glass slides or empty gastropod shells. These stock cultures maintained as a source of eggs, planulae, and tissue were kept in aquaria in artificial seawater (Tropic Marine, Aquarium Systems, Mentor, OH) at 17°C and fed to repletion two to three times per week on brine shrimp (Artemia salina) nauplii. Matings to obtain eggs and planulae were performed as described by Shenk and Buss (15) .
Determination of Genomic and Transcript Sequences. Cnems initially was discovered incidentally during a study attempting to identify cnidarian genes homologous to matingtype genes in basidiomycete fungi (16, 17) . Total genomic DNA was extracted from H. symbiolongicarpus in urea buffer by using the method of Shure et al. (18) . PCR with a mix of degenerate primer sets, including 5Ј-GTACTGCAGGATCC-(AT)C(GT)(AT)GC(AT)(GT)(CT)TAT(GA)AACCA and 5Ј-GTACTGCAGGATCC(AT)C(GT)(AT)(CT)(GT)(GA)-TT(CT)TG(GA)AACCA, amplified a 177-bp fragment of Cn-ems extending from 39 bp upstream of the homeobox to position 138 within the homeobox. This was a purely fortuitous event in that one of these primers bound in the expected region of a homeobox, whereas the other bound nonspecifically upstream of the homeobox. The Cn-ems fragment was among a number of amplification products of varying lengths cloned into pCR2.1 vector (Invitrogen) and manually sequenced (Sequenase Version 2.0 DNA Sequencing Kit, United States Biochemical).
Rapid amplification of cDNA ends (19) was used successfully to obtain the 3Ј end of the gene downstream from the initial fragment. Total RNA from H. symbiolongicarpus was extracted in guanidium thiocyanate buffer and purified by ultra centrifugation in cesium trifluoroacetate, and first strand cDNA was prepared as described (ref. 20 ; see also ref. 21 ). Gene-specific primers 5Ј-AGAAACGAAAGCGCCAC and 5Ј-GCTTTTACACCTACGCAA (positions 829 -845 and 852-869 in Fig. 1 , respectively) were used in conjunction with rapid amplification of cDNA ends primers R o and R i (19) , respectively. However, repeated attempts to use ligationanchored PCR (5Ј-AmpliFINDER rapid amplification of cDNA ends kit, CLONTECH; see also ref. 22 ) consistently provided fragments that extended only 25-30 nucleotides upstream of the initial 177-bp PCR fragment.
An H. symbiolongicarpus genomic library (HindIII digested) was prepared and packaged in NM1149, host strain ER1647. A Cn-ems cDNA clone of nearly 550 bp, consisting of the homeobox and the 3Ј end, was used to generate a radiolabeled probe by random priming (Boehringer Mannheim kit), and 4 ϫ 10 5 recombinant bacteriophages were screened under stringent conditions at 65°C. A clone containing a 4,100-bp insert was isolated and sequenced from both directions (until an overlap was obtained) on an Applied Biosystems 373A automated sequencer.
Examination of the genomic sequence suggested the position of a methionine start codon. A primer was designed from this region (5Ј-GTGATTCTTACCTTCACCC, positions [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] in Fig. 1 ) to amplify the 5Ј end of Cn-ems from a cDNA pool [prepared by using RNA Isolation kit, Stratagene; mRNA Isolation kit, Dynal (Great Neck, NY); TimeSaver cDNA Synthesis kit, Pharmacia] in conjunction with a primer binding within the homeobox (5Ј-AGTGACCCCTTTCAAAGG, complement of positions 889-906 in Fig. 1 ). This 5Ј end of Cn-ems cDNA was cloned into pCR2.2 vector (Invitrogen) and sequenced from both directions (completely) on an Applied Biosystems 373A automated sequencer.
Whole Mount in Situ Hybridization. For use in making riboprobes for in situ hybridization, a 974-bp fragment (henceforth the ''full length clone'') extending over the three exon regions from near the putative start codon to near the poly-A tail (positions 8-1859 in Fig. 1 ) was amplified from a cDNA pool and cloned into pCR2.2 vector (Invitrogen). Aliquots of plasmid DNA were linearized with either NotI or BamHI, and digoxygenin-labeled sense and anti-sense riboprobes were transcribed in vitro by Sp6 or T7 RNA polymerase (Labeling Kit, Boehringer Mannheim). Riboprobes were hydrolyzed to an average length of 150 nucleotides by incubation in 42 mM NaHCO 3 and 58 mM Na 2 CO 3 at 60°C for 51 min.
Tissue was fixed for 1 h in 4% paraformaldehyde in 0.1 M Hepes (pH 7.5), 0.42 M NaCl, and 2 mM MgSO 4 . Whole mount in situ hybridizations were performed as described by Gajewski et al. (23) , with one major modification. Instead of a proteinase K treatment (including digestion, digestion-stop, washes, and postdigestion fixation), specimens were heated in PBS͞0.1% Tween 20 (PBST) for 5 min at 95°C, chilled on ice, and washed in PBST three times for 5 min at room temperature. The protocol of Gajewski et al. (23) was resumed at the PBST͞ herring sperm incubation step. Probe concentration was 100-150 ng͞ml, and hybridization was carried out at 54°C for 36 h.
Sectioning and Microscopy. After in situ hybridization and immunochemical visualization, thick transverse sections (Ϸ200 m) of the hypostome were cut with a microscalpel and mounted in glycerol for light microscopy. Some polyps were embedded in water-soluble JB-4 resin (Polysciences), and thin transverse sections (5-10 m) were cut with a glass-knife microtome (Reichert-Jung). Alternate thin sections were segregated onto separate slides; one set of slides was stained with standard hematoxylin and eosin to serve as a histological reference for interpreting the hybridization results. Sections were mounted in Permount (Fisher Scientific) and photographed by using a Nikon Optiphot microscope.
Specimens for transmission electron microscopy were fixed in seawater-buffered glutaraldehyde (2.5%), postfixed in 2% OsO 4 , dehydrated, and embedded in Epon 812. Ultrathin sections (700-900 Å) were prepared by a Reichert-Jung microtome, stained in uranyl acetate (2%) and lead citrate (0.03% (1998) in 0.01 N NaOH), and examined in a JEOL 1200-EX electron microscope. Specimens for scanning electron microscopy were fixed and postfixed as above, dehydrated in an alcohol series, and dried by the critical-point method (24) . Experimental Conversion of the Larval Posterior Pole into Head Structures. Metamorphosin A (MMA) is a member of a naturally occurring family of peptides, the LWamides, known to induce metamorphosis in Hydractinia (23) . When exposed to synthetic MMA, Hydractinia planulae have been shown (25) to undergo either complete or partial metamorphosis; in the latter case, the posterior end of the larva is converted into head structures (tentacles, hypostome, and mouth), whereas the anterior end retains the larval form. We used reverse transcriptase (RT)-PCR (see below) to examine the correlation between the time-course of induced head formation and levels of Cn-ems expression. To induce partial metamorphosis, planulae were incubated in 30 M MMA (in seawater); at this concentration, no complete metamorphoses were observed. From a single batch, 960 planulae were apportioned into four groups of equal number. One group was not induced to metamorphose. Three groups were induced by incubation in 30 M MMA for 5, 15, and 27 h, respectively, after which mRNA was extracted.
RT-PCR. For RT-PCR, mRNA was extracted from each of the four groups of planulae described above, as well as from a batch of 650 unfertilized oocytes and a group of 150 gastrozooid polyps from an adult colony (QuickPrep Micro mRNA Purification Kit, Pharmacia), and reverse transcribed with a (dT) [12] [13] [14] [15] [16] [17] [18] primer (Ready-to-go You Prime First Strand Beads, Pharmacia). Gene-specific primers (5Ј-AGACAACTCGCA-CAGTTT and 5Ј-CACTTTTTTATTGTCATGCGT, positions 927-944 and complement of positions 1785-1805 in Fig.  1 , respectively) were designed that would amplify a 318-bp fragment from cDNA and a 879-bp fragment from genomic DNA. PCR amplification was performed on 5 l (15%) of each cDNA synthesis mix. Reactions were denatured at 94°C, 2 min, cycled 35 times (94°C, 30 s; 47°C, 1 min; 72°C, 30 s), and given a final 10-min extension at 72°C.
We designed actin-specific primers [5Ј-GACTT(CT)GAA-CAAGAAATGCA and 5Ј-TCTTGTTTGGAGATCCACA] from an alignment of published hydroid sequences (Hydra attenuata, GenBank M32364; Podocoryne carnea, GenBank X69058-X69060) for use as a control for uniformity of template concentration and consistency of amplification. These primers were used with equivalent amounts of cDNA template and identical amplification conditions as used in the Cn-ems amplifications.
Amplification products from Cn-ems were separated by electrophoresis on 1% agarose and blotted onto a nylon membrane (ZetaProbe). The membrane was hybridized under stringent conditions, at 65°C, with the full length clone (see above) radiolabeled with 32 P by random priming (Boehringer Mannheim Kit).
RESULTS
Genomic Organization and Sequence Analysis of Cn-ems. Fig. 1 shows the genomic and predicted amino acid sequences of Cn-ems (GenBank Y11836). The translation start site was determined as the first met codon (position 1) within an ORF beginning at position Ϫ33 and in frame with the homeobox after intron removal. The extent of the transcription unit in the 5Ј direction is uncertain. The coding region is interrupted by two introns, one 317 bp long beginning at position 416 (upstream of the homeobox) and the other 561 bp long beginning at position 972 (toward the 3Ј end of the homeobox).
Based on the predicted translation start site, Cn-ems encodes a protein of 251 amino acids with a predicted molecular mass of 29.7 kDa. A homeodomain situated very near the carboxyl-terminal end of the protein shows greatest similarity to ems class homeodomains (Table 1) , ranging from 65-70% identity and 80-87% similarity if conservative substitutions are included. The second intron in Cn-ems is close but not identical in position to an intron occurring in human and mouse EMX homeoboxes (26) .
Cn-ems Expression in Polyps. Cn-ems expression was examined in two polyp types, the gastrozooid and the gonozooid. The head of the gastrozooid is characterized by a dome of tissue, called the hypostome, that extends distally from the zone of tentacle insertion to the mouth ( Fig. 2 A and B) . The gonozooid is a polyp type specialized for reproduction in which the tentacles are reduced to a ring of buds at the oral end; a hypostome is lacking.
In gastrozooids, Cn-ems is expressed in endodermal tissues of the hypostome in radially arranged longitudinal stripes, starting just below the tip of the hypostome and increasing in width downward to an abrupt termination at the level of tentacle insertion (Fig. 2 A and B) . No expression was seen in the tentacles or in the body-column below the tentacle level. No expression of Cn-ems was observed in gonozooids (data not shown).
The endoderm of the hypostome is populated with three distinct cell types: the endodermal epithelial cells (also referred to as ''digestive cells''; refs. 27 and 28) and two types of gland cells, the spumeous and spherulous gland cells (29) . Endodermal epithelial cells, which are broad at their basal ends near the mesoglea and narrow to thin processes as they extend inward, line the hypostome with no obvious regional specialization. By contrast, the gland cells, featuring narrow bases near the mesoglea and broadening inwards, occur in a characteristic axial and radial pattern. They are absent in the region directly surrounding the mouth, but, just proximal to the mouth, they are found in a distinctive, radially symmetric arrangement of ridges and furrows. Transverse sections of the hypostome proximal to the mouth reveal this organization (Fig. 2 E-J and Fig. 4 B and C) . The ridges, called taeniolae (27, 30, 31) , are populated by gland cells alternating with endodermal epithelial cells (27, 28, 32, 33 ; see Fig. 4 B and C for clarification of cell arrangement within the ridge-andfurrow structure). The furrows between taeniolae are populated by endodermal epithelial cells. The histological complement of taeniolar organization in the hypostome is distinct from that in the body column (28). Thick transverse sections ( Fig. 2 C and D) show that Cn-ems expression is localized to cells within the basal core of taeniolae. This tissue contains the bases of elongate spumeous and spherulous gland cells as well as endodermal epithelial cells. Thin transverse sections (Fig. 2 E-J) show Cn-ems expression in cells immediately adjacent to the basal gastrodermal boundary and separate from the main cell bodies of differentiated endodermal gland cells. Cn-ems expression appears to be limited to endodermal epithelial cells of taeniolae.
Cn-ems Expression in the Head-Converted Planula Larva. As described by Leitz et al. (25) , treatment with MMA led to the conversion of the posterior end of the planula larvae into head structures. The time course of this conversion is shown in Fig. 3A . The larval posterior begins loss of cilia, axial compression, and thickening by 2-h postinduction. It is markedly shorter and thicker by 4 h and 7 h and almost spherical by 12 h. By 18 h, the posterior has assumed the conical shape typical of the hypostome, and tentacles have appeared at the periphery. The anterior end of the planula shows little overt change during the same period (not shown).
Expression of Cn-ems was examined by RT-PCR: in oocytes; in planulae undergoing head conversion at 5 and 15 h postinduction; in juveniles at 27 h postconversion; and in mature gastrozooid polyps (Fig. 3 B and C) . No expression was detected by autoradiography in the oocytes, and only slight expression was detected in planulae not induced to metamorphose (Fig. 3C) . Expression level increased progressively through the 5-to 15-h postinduction stages and the partially metamorphosed planula stage at 27 h and was highest in adult gastrozooids.
Control amplification of Ϸ420-bp actin gene fragment performed by using amounts of cDNA template from each ontogenetic stage identical to those used to amplify Cn-ems showed uniform levels of amplification product (Fig. 3D) . This confirmed that stage-specific differences in amount of Cn-ems amplification product likely were related to differential levels of Cn-ems expression, rather than to variation in efficiency of reverse transcription, total cDNA template amounts, or efficiency of PCR amplification.
DISCUSSION
Sequence similarity in the homeodomain clearly identifies Cn-ems as related to empty spiracles class genes, and its expression in a hydroid head suggests that the association of ems orthologs with head structures preceded the evolution of bilateral symmetry. These findings raise two immediate questions: What role is played by Cn-ems in the organization of the cnidarian head? To what extent do these findings imply that the heads of all eumetazoans are homologous?
Axial and Radial Organization in the Hydrozoan Head Endoderm. The hydrozoan head is characterized by an axial and radial organization in cell types and head-specific structures. In the endoderm, the axial pattern is manifested by an absence of gland cells at the mouth, below which lies the ridge-and-furrow arrangement of taeniolae, with alternating spherulous and spumeous gland cells restricted to the ridges. Endodermal epithelial cells are evenly distributed radially but display a radially symmetric pattern of cell division, with mitotically active cells limited to the margins of inter-taeniolar furrows (27, 28 ). An additional radially symmetric feature is the insertion of tentacles at the base of the hypostome, at positions corresponding to inter-taeniolar furrows. The limit of the head is marked both by the basal extent of the tentacle zone and by the anterior boundary of the digestive cavity. Two genes associated with the axial and radial organization of the hypostome, hyp 1 and budhead, are expressed in endodermal epithelial cells, the cell type that expresses Cnems. Together, hyp 1, budhead, and Cn-ems display distinctive patterns of axial and radial organization (Fig. 4) . Hyp 1, encoding a product with no significant similarity to any known protein (34) , is expressed in a pattern antithetical to that of Cn-ems. Specifically, hyp-1 expression is high at the mouth, where Cn-ems is not expressed, and attenuates aborally, with expression restricted to inter-taeniolar furrows to a limit at the tentacle zone. In contrast, Cn-ems expression attenuates orally and is limited to taeniolar ridges from the upper hypostome into the tentacle zone. Budhead is a recently characterized representative of the forkhead family associated with embryonic ''organizers'' (35) . Budhead is not expressed in the apical part of the hypostome. It is expressed maximally in a circumferential band, spanning both ridges and furrows, just above the zone of tentacles. In the tentacle zone, budhead expression is restricted to the endodermal epithelium of the taeniolae; it is not expressed in those inter-taeniolar regions adjacent to tentacle insertion. Finally, proximal to the tentacle zone, budhead expression resumes its circumferential pattern, although at reduced levels of expression, attenuating in the upper end of the body column. None of these genes is expressed in endoderm of the tentacles.
The association of Cn-ems expression with taeniolate organization is supported further by our finding that gonozooids, which lack taeniolae, do not express Cn-ems. Moreover, Cnems expression is enhanced greatly as the axial and radial organization of the head is established during experimental conversion of the posterior region of the larva into head structures. This correlation, coupled with Cn-ems expression restricted to the heads in adult polyps, suggests that Cn-ems also may play a role in developmental patterning of the head. Budhead (35) and hyp 1 (34) both are expressed in regenerating heads, suggesting that these genes may be expressed together with Cn-ems in developing heads. Thus, hyp 1, budhead, and Cn-ems are good candidates for genes responsible for establishing and͞or maintaining the axial and radial organization of the hydrozoan head.
Expression patterns of hyp 1, budhead, and Cn-ems are known from two different species of Hydra and one species of Hydractinia, respectively. Amalgamating data from the species provides a composite picture of how these genes may contribute to patterning the hypostome. Verification of this model will require simultaneous examination of expression of these genes in one or more species. The apparent lack of any distinct axial pattern or radial symmetry in the distribution of endodermal epithelial cells in the hydrozoan head belies a distinctive axial and radial organization in expression of hyp 1, budhead, and Cn-ems in these cells. Axial organization, onto which radially symmetrical patterns of expression of particular genes are superimposed, is reflected (Fig. 4) by (i) a zone of expression of only hyp 1 at the top of the hypostome; (ii) a zone below this in which hyp 1 and Cn-ems are expressed in a complementary, nonoverlapping, radially symmetric fashion in hypostomal furrows and ridges, respectively; (iii) a zone just above the tentacles in which budhead is maximally expressed and overlaps both hyp 1 and Cn-ems expression; (iv) the tentacle zone, in which budhead is expressed at low levels, hyp 1 is not expressed, and Cn-ems is expressed in taeniolar ridges; and (v) a zone of low budhead expression extending into, and attenuating in, the upper body column; neither hyp 1 nor Cn-ems is expressed in this region.
Conservation of Head Genes in Radially and Bilaterally Symmetric Metazoa. Our finding of an association of ems-class genes with head structuring in a cnidarian raises the prospect that the heads of all eumetazoans are homologous. A homology assignment of this order is both premature and exceedingly difficult to make. A statement about homology is a statement about structure, function, and genealogy and often involves statements regarding commonalities in the generative processes (36) (37) (38) (39) , including common sets of interacting genes. The difficulty lies in determining the appropriate level of homology. A finding that orthologous regulatory genes are both expressed in the head does not alone imply that heads are the appropriate level of homology. Determining the appropriate level of homology entails identifying the morphological features to which the shared genetic determinants correspond. In the case of the heads of radially and bilaterally symmetric taxa, no such obvious candidate presents itself. Subsequent study may reveal such features.
In the case with the cnidarian head, the most progress that currently can be made is to seek to identify additional headspecific genes shared among eumetazoans and to determine their roles. The increasing number of regulatory genes isolated from cnidarians offers several potential candidates. The homeodomain of Cnox-3 from Chlorohydra (40), for example, shows 70% sequence identity to that of Barx1, expressed in part in mouse head (41) ; 66% identity to the Drosophila brainspecific bsh (42) ; and 57% identity to Dll, which plays a role in patterning of head structures in Drosophila (43) . Budhead, as noted above, is expressed in Hydra from the mid-hypostome to the anterior part of the digestive cavity. In Drosophila, the homolog forkhead is expressed in terminal regions of the embryo that contribute to fore-, hind-and midgut, and in mouse, a homolog HNF3␤ is expressed in the anterior of the developing gut. Finally, a labial subclass gene recently has been isolated from Hydra and has been shown to display a headspecific expression (H. R. Bode, personal communication). In Drosophila, labial is expressed in both ectodermal and endodermal derivatives in the head region (44) (45) (46) . The apparent existence of multiple commonalities between headspecific cnidarian genes and genes playing major roles in patterning bilaterian heads supports a hypothesis of homology and suggests that further effort may be rewarded eventually in a clear separation of apomorphy and plesiomorphy.
